Abbreviations used in this paper: CTXB, cholera toxin B subunit; D, diffusion coefficient; DRM, detergent-resistant membrane; GPI, glycosylphosphatidylinositol; MβCD, methyl β-cyclodextrin; M~f~, mobile fraction; NPC, Niemann-Pick type C; NRK, normal rat kidney; TX-100, Triton X-100.

Introduction
============

Biological membranes contain regions of lateral inhomogeneity known as microdomains ([@bib41]; [@bib17]). The most studied class of putative microdomains are cholesterol and glycosphingolipid-enriched lipid rafts. These domains are thought to act as platforms with which proteins can selectively associate, leading to their lateral segregation ([@bib69]; [@bib70]; [@bib41]; [@bib17]). Proteins recovered in buoyant, detergent-resistant membrane (DRM) fractions after extraction of cells with certain detergents are commonly defined as raft associated. These proteins include glycosylphosphatidylinositol (GPI)-anchored proteins, acylated proteins, and a subset of transmembrane proteins ([@bib69]; [@bib5]). Caveolae, a subset of lipid rafts, are additionally enriched in the protein caveolin ([@bib57]). Lipid rafts are proposed to function in a large number of cellular functions ranging from protein and lipid sorting during post-Golgi sorting and endocytosis to regulation of cell signaling and viral entry and budding ([@bib69]; [@bib70]; [@bib27]; [@bib17]; [@bib23]). Despite this, a consensus view of the structure and dynamics of lipid rafts has yet to emerge (for review see [@bib1]; [@bib41]).

One area of widespread interest is how rafts affect a protein\'s ability to laterally diffuse across cell membranes. In model membranes, the lateral mobility of lipids in a liquid-ordered phase is slower than in a liquid-disordered phase ([@bib6]; [@bib34]; [@bib14]; [@bib31]). Indeed, several studies suggest proteins and lipids undergo constrained and/or slowed diffusion within rafts ([@bib65]; [@bib29]; [@bib62]; [@bib48]; [@bib67]). Other measurements imply that raft proteins are stably associated over minutes with discrete domains, which themselves can either diffuse across the cell surface ([@bib51]) or are immobile, such as cell surface caveolae ([@bib50]; [@bib78]). However, individual raft proteins do not appear to undergo correlated diffusion with one another ([@bib81]), and the GPI-anchored protein CD59 shows similar behavior to a nonraft lipid in single molecule tracking studies ([@bib73]). Thus, conflicting evidence exists as to whether raft domains are mobile or immobile structures, if protein associations with rafts are stable or transient, or how perturbations of raft structure affect the dynamics of individual proteins.

The relative importance of raft association compared with other factors known to modulate protein diffusional mobility is also uncertain. The lateral diffusion of proteins is typically 10--100-fold slower in cell membranes than in model membrane systems, even for lipid-binding proteins such as cholera toxin B subunit (CTXB; [@bib3]). In addition to the presence of membrane microdomains, several factors may contribute to the slowing of protein diffusion within biological membranes, including cytoskeletal barriers, interactions between protein ectodomains, and molecular crowding ([@bib64]; [@bib16]; [@bib35]; [@bib60]; [@bib39]). However, many of the studies defining these barriers to diffusion were performed before the development of the lipid raft model, and the role of lipid rafts in regulating membrane protein diffusion has not been systematically investigated.

We have measured the cell surface diffusion of putative raft-associated proteins tagged with GFP using FRAP. FRAP has been used extensively to characterize protein and lipid diffusional mobility and the domain structure of the plasma membrane, typically by monitoring recoveries into small spots (∼1 μm; [@bib15]). In our experiments, we bleached and monitored protein recovery into an area of the membrane much larger than the proposed size of lipid raft domains. In these measurements, diffusional recovery would require either the diffusion of entire rafts or the diffusion of individual proteins outside of raft domains. We tested several models for the stability and organization of lipid raft domains by comparing the diffusional mobility of several kinds of raft proteins (glycolipid-binding, transmembrane, GPI-anchored, acylated, and prenylated proteins). We also examined the effects of cholesterol depletion, cholesterol loading, and reduced temperature on protein mobility. Our results indicate that putative raft-associated proteins are freely mobile and do not diffuse as part of discrete, stable domains across the cell surface. We also find that perturbations reported to affect lipid rafts have similar effects on the diffusional mobility of raft and nonraft proteins. This finding further indicates that raft association is not the dominant factor in determining protein mobility at the cell surface. Thus, if raft domains exist, raft proteins must rapidly partition into and out of them. Alternatively, raft domains may not be a significant feature of the cell surface under steady-state conditions.

Results
=======

Models for lipid raft dynamics tested in this paper
---------------------------------------------------

To understand the properties of lipid rafts, we considered four simple models for how "raft" proteins might diffuse across the cell surface ([Fig. 1](#fig1){ref-type="fig"}). In model 1, lipid rafts are relatively stable, immobile structures, similar to caveolae ([@bib50]; [@bib78]). In this model, rafts are unable to diffuse and proteins associate with rafts for long times. This predicts that raft proteins should exhibit low mobile fractions (M~f~) and/or very slow diffusion coefficients (Ds). In model 2, rafts diffuse as stable entities across the cell surface ([@bib51]). A lipid raft domain itself should in principle be able to diffuse across the cell surface. Under conditions where viscosity is limiting, lateral diffusion varies inversely with the logarithm of the radius of the transmembrane portion of the diffusing species ([@bib58]). In a hop diffusion model where the membrane is compartmentalized by cytoskeletal corrals, long-range diffusion would be highly sensitive to size ([@bib35]; [@bib73]). In either case, this model predicts that the diffusion of raft domains of comparable dimensions will be independent of their protein constituents. So, different raft proteins should exhibit similar Ds. In model 3, dynamic partitioning of raft proteins into and out of lipid raft domains occurs ([@bib65]; [@bib29]; [@bib62]; [@bib14]; [@bib48]; [@bib67]). This partitioning would permit proteins to transiently populate raft domains as well as to undergo diffusion outside of rafts. D for any given protein should reflect the average of the diffusion within these two environments, which in turn depends on the protein\'s partitioning coefficient for rafts, the fraction of raftlike membrane, and other barriers to protein diffusion that exist in the raft and nonraft domains. In model 4, raft proteins diffuse independently of one another due to the absence of significant raft domains. In this model, lipid raft domains by themselves make a nominal contribution to protein diffusion. Instead, each protein experiences its own distinct set of constraints to its diffusion, giving rise to different Ds for different proteins.

![**Models for lipid raft dynamics and protein diffusional mobility.** Models for diffusional mobility of lipid rafts (yellow), raft-associated proteins (red), and nonraft proteins (blue). (1) Stable, immobile rafts. Hypothetical barriers to lipid raft diffusion are depicted by the red lines. (2) Stable, mobile rafts. (3) Dynamic partitioning of raft proteins. (4) No rafts. For simplicity, putative barriers to individual protein diffusion are not depicted. See text for further details.](200312170f1){#fig1}

Protein markers for raft and nonraft domains
--------------------------------------------

To test these various models, we examined the diffusional mobility of plasma membrane proteins tagged with the fluorescent proteins GFP or YFP. We examined a number of different proteins in our work to test how the properties of raft proteins compare with one another as well as with nonraft proteins ([Fig. 2](#fig2){ref-type="fig"} A). Proteins were chosen based on previous biochemical fractionation studies identifying them as either raft-associated or nonraft ([@bib72]; [@bib61]; [@bib49]; [@bib87]; [@bib51]; [@bib32]; [@bib47]; [@bib52]; [@bib48]). The raft proteins studied include two transmembrane proteins (HA-GFP and LAT-GFP), three GPI-anchored proteins (GFP-GPI, YFP-GL-GPI, and GFP-CD59), and two cytoplasmically oriented proteins (Fyn-GFP and GFP-HRas). Transient expression of CFP/YFP-GPI causes a fivefold increase in the total amount of GPI anchors in COS-7 cells ([@bib21]). As a marker for raft lipids, we labeled cells with fluorescently tagged CTXB (Cy3-CTXB). Nonraft proteins used as negative controls included two transmembrane proteins, VSVG-GFP and YFP-GT46 (also known as LYFPGT46), and a cytoplasmically oriented protein, GFP-KRas. As an internal control, we compared two versions of VSVG-GFP that vary only in the linker region ([@bib79]; [@bib32]). Control experiments verified that upon extraction of cells grown on coverslips with 1% ice-cold Triton X-100 (TX-100), putative raft proteins were largely present in the DRM remnants, whereas nonraft proteins were efficiently solubilized ([Fig. 2](#fig2){ref-type="fig"} B and not depicted). These observations are consistent with previous biochemical experiments based on the low buoyant density of DRMs.

![**Proteins used in this work.** (A) Membrane topology of GFP/YFP chimeras and fluorescently labeled toxin used in this work. The barrel indicates the position of the GFP. (B) Extraction of COS-7 cells grown on coverslips with 1% TX-100 at 4°C confirms that Fyn-GFP, LAT-GFP, and HA-GFP are present in DRM. YFP-GT46, a nonraft protein, is essentially completely solubilized under identical conditions. Bar, 10 μm.](200312170f2){#fig2}

Large-scale diffusional mobility assay measured by confocal FRAP
----------------------------------------------------------------

To measure the diffusional mobility of raft-associated proteins, we used a variation on FRAP, confocal FRAP ([@bib19]; [@bib83]; [@bib44]). In these experiments, we monitored fluorescence of the protein of interest using low-intensity laser excitation. A defined region was photobleached using high-intensity light by transiently increasing the laser power, and the diffusive exchange of bleached proteins with nearby unbleached molecules was then followed ([Fig. 3](#fig3){ref-type="fig"} A). Recovery into the bleached region can be described by two parameters, an apparent D and M~f~ ([@bib15]; [@bib39]). D provides a measure of how fast recovery occurs, whereas M~f~ reports the fraction of fluorescent molecules that are able to recover into the bleached area over the time course of the experiment.

![**Large-scale lateral diffusion measurements by confocal microscopy.** (A) Selected images from a confocal FRAP experiment at 37°C of GFP-KRas expressed in COS-7 cells. Bleach box, 4 μm wide. Bar, 10 μm. (B) Kinetics of recovery for 1.4- (circles) versus 4-μm-wide (squares) bleach box. Calculated D and t~1/2~ values are indicated. Data shown are for GFP-KRas expressed in COS-7 cells at 37°C. (C) Kinetics of recovery for YFP-GT46 (triangles), YFP-GL-GPI (squares), and GFP-KRas (circles) in COS-7 cells at 37°C using a 4-μm-wide bleach box. Each curve shows the mean ± SD from seven to nine cells from a single experiment. The calculated Ds were as follows: GFP-KRas, 1.01 ± 0.11 μm^2^/s; YFP-GL-GPI, 0.47 ± 0.07 μm^2^/s; YFP-GT46, 0.23 ± 0.02 μm^2^/s.](200312170f3){#fig3}

To detect possible diffusion of raft domains themselves as well as the diffusion of individual proteins, the bleached region used, a strip 4 μm wide, was much larger than the proposed size of lipid rafts (0--700 nm in diameter; [@bib1]). Such large-scale measurements are also of interest because experiments visualizing DRM suggest lipid rafts comprise a significant fraction of the plasma membrane ([@bib43]; [@bib33]; [@bib24]; [@bib47]). Recoveries in a strip this size occurred over tens of seconds, allowing us to readily quantitate recovery into the bleached region while collecting images of the surrounding area.

Control experiments verified that fluorescence recovery had the characteristics of lateral diffusion. Recovery did not occur in samples fixed with 3.7% PFA (unpublished data). We also confirmed that the characteristic recovery time was proportional to the size of the bleached region, as expected for a protein undergoing lateral diffusion. To test this, we compared recoveries for a given protein into two different size bleach boxes ([Fig. 3](#fig3){ref-type="fig"} B). Recovery was faster in the smaller bleach box, yet identical Ds were obtained for both and were well described by the simulation data for diffusive recoveries (unpublished data). Although dimerization of GFP-tagged membrane proteins has been observed by FRET ([@bib84]), introduction of point mutations to eliminate dimerization had no detectable effect on lateral diffusion (unpublished data).

To compare the diffusional mobility of different proteins, we performed FRAP experiments using identically sized bleach boxes. Under these conditions, differences in the kinetics and extent of recovery will reflect the diffusional mobility of the individual proteins. Recovery curves for a population of cells expressing a given protein were similar, but differences in the kinetics of recovery were apparent between proteins ([Fig. 3](#fig3){ref-type="fig"} C). Only a small fraction of proteins were immobile, as M~f~ was typically \>85% ([Fig. 3](#fig3){ref-type="fig"} C). In contrast, caveolin-1-GFP was nearly 100% immobile (unpublished data).

Diffusional mobility for raft and nonraft proteins under steady-state conditions
--------------------------------------------------------------------------------

Next, we used the confocal FRAP assay to compare the diffusional mobility of raft proteins with one another. For all the proteins examined, we observed recoveries characteristic of lateral diffusion, with high M~f~ ([Table I](#tbl1){ref-type="table"}). CTXB is internalized over time, and the endosomal fraction of the protein is unable to recover rapidly after a photobleach, giving rise to an effective immobile fraction ([Table I](#tbl1){ref-type="table"}). D varied significantly for different raft proteins, ranging from 0.1 to 1.2 μm^2^/s at 37°C ([Fig. 4](#fig4){ref-type="fig"} A). The slowest recoveries were observed for Cy3-CTXB and HA-GFP. D was higher for the three GPI-anchored proteins and LAT-GFP, but was significantly slower for YFP-GL-GPI than for GFP-CD59 and GFP-GPI (*t* test, P \< 0.001). Raft proteins localized to the inner leaflet of the plasma membrane, Fyn-GFP and GFP-HRas, exhibited the most rapid diffusion, similar to values recently reported for GFP-HRas by spot photobleaching ([@bib48]).

###### Percent mobile fractions of raft and nonraft proteins in large-scale diffusion measurements in COS-7 cells

               Treatment                                  
  ------------ -------------- ------------- ------------- -------------
  Raft                                                    
  Cy3-CTXB     81 ± 8 (40)    76 ± 7 (29)   66 ± 8 (32)   
  HA-GFP       75 ± 10 (15)                               
  LAT-GFP      89 ± 6 (26)                  90 ± 9 (19)   86 ± 4 (6)
  GFP-GPI      93 ± 5 (27)    93 ± 7 (14)   87 ± 6 (20)   79 ± 7 (4)
  GFP-CD59     92 ± 5 (17)                                
  YFP-GL-GPI   91 ± 7 (46)    90 ± 3 (12)                 
  Fyn-GFP      93 ± 8 (41)    93 ± 4 (20)   83 ± 4 (11)   84 ± 6 (5)
  GFP-HRas     95 ± 5 (32)                                
  Nonraft                                                 
  YFP-GT46     91 ± 7 (27)    89 ± 6 (12)   81 ± 5 (21)   67 ± 13 (4)
  GFP-VSVGsp   88 ± 8 (45)    70 ± 10 (7)                 
  GFP-VSVG3    85 ± 4 (17)                                
  GFP-KRas     93 ± 7 (27)                  92 ± 4 (11)   88 ± 14 (8)

Values for treatment represent the mean ± SD. The numbers in parentheses represent *n*.

![**Diffusional mobilities of raft and nonraft proteins at the cell surface at 37°C**. D for raft proteins (A) and for nonraft proteins (B) in COS-7 cells. (C) D for a subset of proteins in COS-7, BHK-21, and NRK cells. The bleach box was 4 μm wide in COS-7 cells and 1.4 μm wide in NRK and BHK-21 cells. Error bars are the mean ± SD.](200312170f4){#fig4}

For comparison, we measured the diffusional mobility of nonraft proteins ([Fig. 4](#fig4){ref-type="fig"} B). Like the raft proteins, all of the nonraft proteins examined showed recoveries characteristic of lateral diffusion, with M~f~ \> 90% ([Table I](#tbl1){ref-type="table"}). D for VSVG3-sp-GFP and VSVG3-GFP were identical to one another and similar to that obtained for YFP-GT46. These values are in good agreement with the D of 0.13 μm^2^/s for VSVG3-sp-GFP at 32°C measured from the diffusional spread of the protein at the cell surface upon vesicle fusion ([@bib80]). D for VSVG-GFP is somewhat slower at the plasma membrane than in the ER ([Fig. 4](#fig4){ref-type="fig"} B; [@bib44]). D for GFP-KRas was extremely fast and similar to that of GFP-HRas. To confirm these findings, we repeated measurements for selected proteins in two other cell types ([Fig. 4](#fig4){ref-type="fig"} C) and obtained similar results. Together, these data indicate that raft proteins are highly mobile and are able to diffuse across the cell surface as rapidly as nonraft proteins. However, raft proteins differ significantly in their diffusional mobilities, a result that could be explained by either the dynamic partitioning or the no raft model ([Fig. 1](#fig1){ref-type="fig"}).

Lower temperatures slow both raft and nonraft protein diffusion
---------------------------------------------------------------

Raft proteins partition into DRMs more efficiently at 4°C than 37°C ([@bib4]; [@bib8]), and the formation of raft domains is driven by lowered temperature in model membranes ([@bib12],[@bib13]; [@bib59]). We tested whether or not at decreased temperatures, in which DRM association is enhanced ([Fig. 5](#fig5){ref-type="fig"} A), we could observe any evidence for increased partitioning of raft proteins into domains by FRAP. D was lowered by approximately twofold at 20°C for both raft and nonraft proteins and showed further decreased mobility at 10°C ([Fig. 5](#fig5){ref-type="fig"} B). A similar effect was observed for VSVG-GFP in the ER ([@bib54]; unpublished data), suggesting that this phenomenon reflects a general effect on membrane viscosity throughout the cell. These results are consistent with previous measurements showing that protein and lipid diffusion at the plasma membrane is temperature dependent ([@bib82]; [@bib26]; [@bib30]; [@bib2]) but do not show a simple correlation with raft domains.

![**Effect of temperature on detergent solubility and lateral mobility of raft and nonraft proteins.** (A) The fraction of DRM decreases with increasing temperature of extraction in 1% TX-100. DRM was visualized by Cy3-CTXB labeling. Bar, 10 μm. (B) D decreases with decreasing temperature for both raft and nonraft proteins. \*\*, P \< 0.0001, *t* test. Error bars are the mean ± SD.](200312170f5){#fig5}

Cholesterol depletion with methyl-β-cyclodextrin (MβCD) slows both raft and nonraft protein diffusion
-----------------------------------------------------------------------------------------------------

Cholesterol is thought to play a pivotal role in the formation and stabilization of lipid rafts ([@bib6]; [@bib55]; [@bib71]). The dynamic partitioning model predicts raft association selectively slows protein diffusion, and thus cholesterol depletion should increase the mobility of raft proteins. To test this prediction, we used MβCD to acutely deplete cholesterol from cells ([@bib70]). DRM remnants in cholesterol-depleted cells were substantially smaller that those observed in mock-treated cells ([Fig. 6](#fig6){ref-type="fig"} A), and cholesterol levels were reduced to ∼30% of control by MβCD treatment as detected by filipin staining ([Fig. 6](#fig6){ref-type="fig"} C). Remarkably, D for both raft and nonraft markers was significantly reduced (approximately twofold) upon cholesterol depletion, with no change in M~f~ ([Table I](#tbl1){ref-type="table"} and [Fig. 6](#fig6){ref-type="fig"} B). These findings are inconsistent with the notion that the principle effect of acute cholesterol depletion is to release proteins from lipid rafts. They further indicated that MβCD\'s effects are not specific to raft proteins.

![**Effect of cholesterol depletion on detergent solubility and lateral mobility of raft and nonraft proteins, and quantitation of filipin staining after perturbations in cellular cholesterol levels.** (A) Cholesterol depletion enhances the TX-100 solubility of YFP-GL-GPI and Cy3-CTXB. A similar effect was observed for other raft proteins (not depicted). Bar, 10 μm. (B) Cholesterol depletion slows the diffusion of raft and nonraft proteins at 37°C. Cells were pretreated with 10 mM MβCD for 30 min at 37°C before TX-100 extraction or FRAP measurements. \*\*, P \< 0.0001; \*, P \< 0.01, *t* test. Error bars are the mean ± SD. (C) Quantitation of cholesterol by filipin staining. This method, although not strictly quantitative ([@bib63]; [@bib42]), provides a qualitative estimate of the cholesterol levels. Filipin staining was performed on fixed cells and quantified from images obtained using a CCD camera for identical exposure times as described in Materials and methods. Data are shown from a representative experiment. Error bars are the mean ± SD. All treatments are significantly different than controls (P \< 0.0001, *t* test).](200312170f6){#fig6}

Cholesterol loading shifts the subcellular distribution of cell surface proteins but has little effect on protein mobility
--------------------------------------------------------------------------------------------------------------------------

The effects of excess cholesterol on the properties of lipid rafts in cell membranes have been largely unexplored ([@bib77]). However, in a model membrane system, cholesterol addition increases the size of cholesterol-enriched domains, eventually leading to a continuous raftlike phase ([@bib31]; [@bib38]). Assuming the same occurs in cell membranes, the partitioning model would predict a decrease in D of raft proteins due to enhanced partitioning into raft domains, accompanied by immobilization of nonraft proteins due to their exclusion from increasingly large raft domains. To test these predictions, we used water-soluble cholesterol (MβCD--cholesterol complexes) to introduce cholesterol into the plasma membrane ([@bib11]; [@bib37]; [@bib20]). Loading cells with approximately twofold higher cholesterol levels than in mock-treated cells ([Fig. 6](#fig6){ref-type="fig"} C) did not substantially change the morphology of DRM remnants ([Fig. 7](#fig7){ref-type="fig"} A).

![**Effect of cholesterol loading on detergent solubility, cell surface distribution, and lateral mobility of raft and nonraft proteins.** (A) Comparison of DRM in mock-treated, cholesterol-loaded, cholesterol-depleted, and cholesterol-repleted cells. DRM were visualized by Cy3-CTXB labeling. Bar, 10 μm. (B) Effect of cholesterol loading on the cell surface distribution of raft (Cy3-CTXB and YFP-GL-GPI) and nonraft (YFP-GT46) proteins in living cells. Averaged prebleach images from confocal FRAP experiments are shown for control and cholesterol-loaded cells. Bar, 10 μm. (C) Effect of cholesterol loading on diffusional mobilities of raft proteins and nonraft proteins. Recovery curves show the mean ± SD from 7--11 cells from a representative experiment for control (red circles) versus cholesterol-loaded (blue squares) cells at 22°C. (D) Repetitive bleaching of YFP-GT46 in cholesterol-loaded cells to test for the presence of an immobile pool of protein. After performing a FRAP measurement on a given cell (first bleach, black circles), a second measurement was made using exactly the same bleach box (second bleach, red squares). Recovery curves show the mean ± SD from 7--11 cells from a representative experiment at 22°C.](200312170f7){#fig7}

FRAP recovery curves for Cy3-CTXB, YFP-GL-GPI, and YFP-GT46 yielded similar halftimes in control and cholesterol-loaded cells, whereas M~f~ of YFP-GL-GPI and YFP-GT46 were significantly decreased ([Fig. 7](#fig7){ref-type="fig"} C, [Table II](#tbl2){ref-type="table"}, and not depicted). Cholesterol loading also caused the accumulation of YFP-GT46, and to a lesser extent YFP-GL-GPI, in patchy and/or punctate structures ([Fig. 7](#fig7){ref-type="fig"} B). These punctate structures appeared to represent an endocytosed pool of protein based on two findings. First, immunofluorescence labeling experiments using anti-GFP antibodies showed that the YFP-GT46--positive structures were inaccessible to labeling in nonpermeabilized cells (unpublished data). Second, the punctate structures did not recover over short time periods, as expected for a vesicular pool. By performing a second bleach of the same region of interest in cholesterol-loaded cells, an increased M~f~ of YFP-GT46 was observed as a result of eliminating this intracellular immobile fraction ([Fig. 7](#fig7){ref-type="fig"} D and [Table II](#tbl2){ref-type="table"}). This observation suggested that the effects of cholesterol loading on the apparent diffusional mobility of YFP-GT46 are due to the redistribution of the protein to an intracellular pool rather than altered lateral mobility within the membrane. Thus, cholesterol addition to cell membranes does not have effects analogous to those observed in model membrane systems. However, loading does appear to increase the extent of protein internalization.

###### 

**Percent mobile fraction of raft and nonraft proteins in cholesterol-loaded COS-7 cells at 22**°**C**

               Treatment                                                                 
  ------------ ------------- --------------------------------------------- ------------- -------------
  Cy3-CTXB     66 ± 8 (23)   64 ± 8 (22)                                                 
  YFP-GL-GPI   77 ± 7 (27)   72 ± 6[a](#tfn1){ref-type="table-fn"} (27)                  
  YFP-GT46     79 ± 5 (28)   69 ± 12[a](#tfn1){ref-type="table-fn"} (29)   80 ± 8 (30)   79 ± 9 (30)

Values for treatment represent the mean ± SD. The numbers in parentheses represent *n*.

P \< 0.05 compared to control, *t* test.

Discussion
==========

Raft proteins are mobile and do not diffuse as part of stable structures
------------------------------------------------------------------------

In this work, we used FRAP to investigate the dynamic properties of lipid rafts and the overall effect of lipid rafts on protein diffusional mobility. In our experiments, we measured recoveries in an area much larger than the proposed size of lipid rafts to monitor possible diffusion of raft domains themselves as well as diffusion of proteins outside of raft domains. Our data revealed that raft proteins are able to diffuse large distances across the cell membrane and that they have high M~f~. Yet, D for individual raft proteins varied over an order of magnitude depending on the protein examined ([Fig. 4](#fig4){ref-type="fig"}). These results are incompatible with two of the models for lipid raft structure and dynamics described in [Fig. 1](#fig1){ref-type="fig"}. The first is the stable, immobile raft model. Except for the specialized case of caveolin ([@bib50]; [@bib78]), this model is not generally consistent with the behavior of raft proteins as observed in our experiments. The second model, implied by photonic force microscopy measurements ([@bib51]), is one in which rafts diffuse as stable entities across the cell surface. Arguing against this model are two findings: those here showing the lack of correlation in Ds of different raft proteins and previous data from single molecule tracking showing that individual raft proteins diffuse independently of one another ([@bib81]).

Diffusional mobility is more strongly correlated with membrane anchorage than with raft association
---------------------------------------------------------------------------------------------------

Our finding that Ds varied tenfold for different raft proteins is consistent with previous observations showing that a variety of barriers to protein diffusional mobility exist in cell membranes ([@bib64]; [@bib16]; [@bib35]; [@bib60]; [@bib39]). These results also indicate that raft association is not the dominant factor in determining the overall mobility of a particular protein, a possibility consistent with either the dynamic partitioning or no raft models ([Fig. 1](#fig1){ref-type="fig"}). Instead, we observed a correlation between protein diffusional mobility and the mode of membrane anchorage, with *D* ~acylated\ or\ prenyalated~ \> *D* ~GPI-anchored\ proteins~ \> *D* ~transmembrane~ regardless of whether or not a particular protein is raft associated ([Fig. 4](#fig4){ref-type="fig"}).

The high mobility of GPI-anchored proteins has been previously noted and is thought to reflect the lipid-based anchor of these proteins ([@bib28]; [@bib18]) but is modulated by the ectodomain ([@bib85]). This finding could explain why we observed significantly higher Ds for GPI-anchored proteins than a transmembrane form of HA, in contrast to a recent report ([@bib67]). Until now, the diffusional properties of acylated and prenylated proteins have remained largely unexplored because of their inaccessibility to labeling with exogenous fluorescent probes. The high Ds of these proteins suggest that their lipid anchors facilitate their relatively free diffusion and/or that the microenvironment of the inner leaflet contains fewer barriers to protein diffusion than the outer leaflet where GPI-anchored proteins are found.

LAT-GFP and Cy3-CTXB are two exceptions to the correlation between D and membrane anchorage ([Fig. 4](#fig4){ref-type="fig"}). We speculate that, given the effective absence of an ectodomain ([@bib86]), LAT is more directly comparable to proteins localized to the inner leaflet of the plasma membrane than other transmembrane proteins. The slow diffusion of CTXB, a homo-pentamer, could potentially arise from cross-linking and trapping other cell surface proteins that can interact with the cytoskeleton, similar to that proposed for cross-linked GPI-anchored proteins ([@bib76]). Association of CTXB with immobile caveolae before its eventual internalization may also slow its diffusion.

The effects of reduced temperature and cholesterol depletion on protein diffusion are not limited to alterations of raft dynamics
---------------------------------------------------------------------------------------------------------------------------------

To distinguish between the dynamic partitioning ([Fig. 1](#fig1){ref-type="fig"}, Model 3) and no raft domain ([Fig. 1](#fig1){ref-type="fig"}, Model 4) models, we first investigated the sensitivity of protein mobility to two conditions previously shown to alter partitioning of raft proteins into DRMs, temperature reduction and cholesterol depletion. We found that both temperature reduction and cholesterol depletion decreased the diffusional mobility of both raft and nonraft proteins to a similar extent ([Figs. 5](#fig5){ref-type="fig"} B and 6 B). This observation does not completely eliminate the possibility of altered partitioning of raft proteins into rafts in response to these treatments, but indicates that other factors play a more dominant role in determining a protein\'s lateral mobility under these conditions. Interestingly, an immobilizing effect of cholesterol depletion also has been noted in a recent study of MHC-class I lateral mobility ([@bib36]). This effect was linked to changes in the organization of the actin cytoskeleton in response to MβCD treatment, which have also been noted in other studies ([@bib22]; [@bib25]; see also the retraction of cells during this treatment in [Fig. 6](#fig6){ref-type="fig"} A). Given the potential connection between lipid rafts and the actin cytoskeleton ([@bib41]), it is unclear if these effects occur in addition to, or as a consequence of, disruption of raft domains. Nevertheless, these findings raise questions about the specificity of acute cholesterol depletion on lipid domain structure/function and highlight the possibility that cytoskeletal reorganization might account for some of the observed functional effects of MβCD treatment.

Effects of cholesterol loading, another method to explore membrane domain structure and function on raft protein dynamics
-------------------------------------------------------------------------------------------------------------------------

To further attempt to distinguish the effect of raft perturbations on protein mobility, we used cholesterol loading. Given that major cellular defects are associated with conditions of aberrant cholesterol accumulation, such as hypercholesterolemia and Niemann-Pick type C (NPC) disease, understanding the effects of excess cholesterol on lipid raft structure and function is of physiological importance. Based on work in model systems ([@bib31]; [@bib38]), we hypothesized that cholesterol loading should lead to the formation of additional lipid rafts and/or to an increase in size of existing rafts. However, little change in the halftime of recovery was seen for any of the proteins studied in cholesterol-loaded cells ([Fig. 7](#fig7){ref-type="fig"}). These data suggest that if cholesterol loading indeed increases the fraction of raftlike membrane, diffusion of raft proteins within this environment is not significantly slowed under these conditions. However, we did observe decreased M~f~ in response to cholesterol loading. This effect appears to be due to enhanced endocytosis of proteins in response to cholesterol loading, potentially resulting from proteins being driven out of an expanded raft phase. The identity of these putative endocytic structures remains to be determined. Both clathrin-mediated and nonclathrin endocytic pathways are sensitive to membrane cholesterol levels ([@bib56]; [@bib74]; [@bib46]). Moreover, defects in the trafficking of glycolipids internalized by nonclathrin pathways have been correlated with the accumulation of excess cholesterol in multiple sphingolipid storage diseases including NPC ([@bib53]). Our observations of continued CTXB uptake in cholesterol-loaded cells ([Fig. 7](#fig7){ref-type="fig"} B) are in line with observations that CTXB is able to enter endocytic structures in NPC1-deficient cells ([@bib75]; [@bib9]). It will be of interest to determine the nature of the trafficking defects induced by acute cholesterol loading and to discern if the mechanisms are similar to those observed in NPC-deficient cells.

Implications for models for lipid rafts
---------------------------------------

Our data indicate that raft association is not the major determinant of plasma membrane protein diffusional mobility under steady-state conditions. Thus, we can rule out several models for raft dynamics, including stable immobile rafts and stable mobile rafts, on the basis of our findings. It is possible that a small fraction of proteins are associated with stable immobile domains, as we observed an immobile fraction of 10--15% for the majority of the proteins examined ([Table I](#tbl1){ref-type="table"}). However, the absence of an effect of cholesterol depletion on the size of the immobile fractions that we and others ([@bib40]) have detected, and the similar immobile fractions of raft and nonraft proteins, suggests that the immobile fraction is not generated by recruitment to lipid rafts. It is also possible that overexpression of our marker proteins may overwhelm and mask a small amount of behavior corresponding to models 1 or 2. However, diffusion of the raft marker GFP-HRas was previously shown to be independent of expression levels ([@bib48]). Techniques with single molecule sensitivity such as fluorescence correlation spectroscopy could provide insight into this issue in the future.

Our findings also reveal that treatments shown to perturb the rafts detected in model membrane systems (cholesterol depletion, temperature reduction, and cholesterol addition) have effects on protein diffusion in cells that cannot be explained solely by predictions of the raft hypothesis. However, these treatments may give rise to pleiotropic effects that mask underlying changes in raft properties. Therefore, on the basis of our current data we cannot definitively distinguish between the dynamic partitioning model and the absence of detectable raft domains ([Fig. 1](#fig1){ref-type="fig"}). Interestingly, the predictions of the dynamic partitioning and no raft models converge under conditions where lipid rafts comprise a small fraction of the cell surface and proteins spend only a small amount of time visiting them, or if the fraction of raftlike membrane is normally large but protein diffusion within a raft is not very different than in nonraft regions of the membrane. Our understanding of how rafts function in vivo now needs to take into account the fact that incorporation into biochemically defined rafts is not indicative of incorporation into stable microdomains in the plasma membrane.

Materials and methods
=====================

DNA constructs, cell transfections, and fluorescent probes
----------------------------------------------------------

Unless otherwise indicated, all chemicals were obtained from Sigma-Aldrich. For simplicity, EGFP is referred to as GFP throughout. GFP-GPI and GFP-CD59 were as described previously ([@bib47]). GFP-HRas, GFP-KRas, and Fyn-GFP ([@bib10]) were provided by M. Philips (New York University School of Medicine, New York, NY). LAT-GFP ([@bib7]) was obtained from L. Samelson (National Institutes of Health, Bethesda, MD). YFP-GL-GPI ([@bib32]), YFP-GT46 ([@bib51]), VSVG3-sp-GFP ([@bib32]), and VSVG-3-GFP ([@bib79]) were provided by P. Keller and K. Simons (Max Planck Institute of Molecular Cell Biology and Genetics, Dresden, Germany). YFP-GT46 is an artificial secretory protein containing a signal sequence, YFP, a consensus N-glycosylation site, the transmembrane domain of the LDL receptor, and the cytoplasmic tail of CD46 ([@bib51]). To construct HA-GFP, the influenza hemagglutinin gene was PCR amplified from the plasmid pCB6HA (a gift from M.G. Roth, University of Texas Southwestern Medical Center, Dallas, TX) and cloned into the plasmid pEGFP-N1 (CLONTECH Laboratories, Inc.). In control experiments, constructs containing monomeric ([@bib84]) forms of fluorescent protein were examined (mYFP-GL-GPI, mYFP-GT46, mCitFP-LAT, and VSVG-mYFP; [@bib21]).

Cells were grown in DME (COS-7 and normal rat kidney \[NRK\] cells) or EMEM (BHK-21) supplemented with 10% FCS, glutamine, penicillin, and streptomycin (Biofluids). Transient transfections were performed using FuGENE 6 (Roche Molecular Biochemicals). CTXB was fluorescently labeled with Cy3 (Amersham Biosciences) as per the manufacturer\'s instructions and was used at a final concentration of 1 μg/ml.

Fluorescence microscopy and diffusional mobility measurements
-------------------------------------------------------------

Filipin fluorescence was imaged using a wide field microscope (model Axiophot; Carl Zeiss MicroImaging, Inc.). Fluorescence was excited with a mercury arc lamp, and emission was detected using a DAPI filter set. Images were collected using a 40× 1.3 NA Plan-Neofluar objective (Carl Zeiss MicroImaging, Inc.) and captured using a MicroMax CCD camera (Princeton Instruments) and MetaMorph acquisition software. Images were obtained using identical exposure times for cells subjected to various treatments in each experiment. Quantitation of filipin fluorescence was performed using NIH Image.

All other fluorescence images were obtained using a confocal microscope (model LSM 510; Carl Zeiss MicroImaging, Inc.). Fluorescence emission resulting from 488-nm excitation for GFP, 488- or 514-nm excitation for YFP, and 543-nm excitation for Cy3 was detected using filter sets supplied by the manufacturer. Cells were held at 37°C on the microscope stage unless otherwise indicated. For FRAP measurements, a 40× 1.3 NA Plan-Neofluar objective or 100× 1.4 NA Plan-Apochromat objective (Carl Zeiss MicroImaging, Inc.) was used with the confocal pinhole set at 1--2 Airy units. Photobleaching of GFP, YFP, or Cy3 was performed using 5--20 scans with the 488-nm laser line at full power in a rectangular region of interest 4 μm wide (COS-7 cells) or 1.4 μm wide (BHK-21 and NRK cells). Pre- and postbleach images were monitored at low laser intensity. Fluorescence recoveries in the bleached region and overall photobleaching in the whole cell during the time series were quantitated using the LSM software (Carl Zeiss MicroImaging, Inc.). Photobleaching of Cy3 did not induce photodamage to the membrane, as evidenced by control experiments showing identical recoveries for GFP-HRas in cells labeled with Cy3-CTXB versus unlabeled CTXB. For presentation purposes, LSM 510 images were exported in TIFF format and their contrast and brightness optimized in Photoshop.

Ds were calculated from the photobleaching data using Diffuse, a program that simulates diffusive recovery into the bleached region using the series of images collected after the photobleaching episode ([@bib19]; [@bib83]; [@bib44]; [@bib68]; program available upon request). LSM 510 images were exported in TIFF format and converted to PPM format for analysis with the Diffuse program. Statistical differences were evaluated using the *t* test. M~f~ was calculated as described previously ([@bib19]).

TX-100 extraction
-----------------

TX-100 extractions were performed as described previously ([@bib47]) except that cells were incubated in TX-100 for 15 min and after fixation subsequently labeled with Cy3-CTXB before imaging. Where indicated, TX-100 extractions were performed at 12°, 22°, or 37°C instead of 4°C.

Filipin staining
----------------

Fixed cells were stained with 5 μg/ml filipin as described previously ([@bib45]). Filipin fluorescence was quantified from regions of interest containing plasma membrane and underlying cytoplasmic structures using NIH Image.

Cholesterol depletion, loading, and repletion
---------------------------------------------

Solutions for cholesterol depletion, repletion, and loading were made in DME or RPMI supplemented with 25 mM Hepes and 1 mg/ml BSA. For cholesterol depletion, cells were briefly washed, and then incubated in 10 mM MβCD for 30 min at 37°C before TX-100 extraction or FRAP. Cholesterol loading was performed using water-soluble cholesterol (MβCD--cholesterol complexes at ∼6:1 molar ratio; Sigma-Aldrich). Previous work has established that efficient loading of cells occurs when incubated with MβCD--cholesterol complexes prepared at this ratio ([@bib11]; [@bib66]). MβCD--cholesterol complexes were prepared as a stock solution, 300 mM in MβCD, diluted directly onto the cells to 10 mM in MβCD, and incubated for 30 min at 37°C. Incubation for longer times (1--2 h) led to increased sensitivity to TX-100 extraction in DRM experiments. Cholesterol-loaded cells imaged live for FRAP experiments did not initially exhibit any gross morphological differences from control cells, but over time cells showed a tendency to round up.
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